Abstract-The measured raindrop size distribution (DSD) and the International Telecommunication Union Radiocommunication Sector (ITU-R) model have been used to elucidate the regional and diurnal variations of rain attenuation in Indonesia, for Ku-band (13.6 GHz), S). In general, PD, KT and PT have lower rain attenuation than those at MN and BK, for the same rainfall rate, due to lower concentration of small-sized drops at these sites as reported by a previous study. Considerable differences between the attenuation obtained from the DSD and the ITU-R model are observed at all locations, in particular for very heavy rainfall (R > 50 mm/h). For R < 50 mm/h, the specific rain attenuation of measured DSD is in fairly good agreement with that obtained from the ITU-R model. The specific rain attenuation obtained from the DSD shows diurnal variation, in agreement with a previous study at KT. The diurnal variation of rain attenuation is dependent on the operating frequency and rainfall rate. At KT and PT, the lowest rain attenuation for Ku-band is observed during 06-12 LT, but during this period the largest attenuation is observed for Ka-and W-bands. These phenomena may be due to the increasing role of small and medium-sized drops by increasing frequency.
INTRODUCTION
The telecommunication system operating at frequencies above 5 GHz suffers from the rain attenuation due to the absorption and scattering of electromagnetic waves by rain particles. Rain attenuation reduces the link performance and availability of communication services. Therefore, it is the major issue for telecommunication system designers, particularly for high-frequency communication link design [1] , and more especially in tropical regions which experience heavier rainfall intensities throughout the year [2] .
The International Telecommunication Union Radiocommunication Sector (ITU-R) has provided a widely used method to predict the rain attenuation. The method requires only several inputs such as rainfall rate exceeded in time, the effective propagation path length, and the operating frequency. Despite its simplicity, some investigators have emphasized the inappropriateness of ITU-R method in tropical regions [3] [4] [5] [6] [7] . The tropical rainfall is different from that in the temperate region which is the main source of the ITU-R model. Tropical precipitation varies considerably across the region [8] and in a wide range of time-scales [2] . Moreover, the ITU-R model is based on T-matrix calculations and using oblate shaped drops and several model-based raindrop size distributions (DSDs) which are not necessarily representative of the real DSDs. Therefore, it is important to conduct more study on the characteristics of rain attenuation based on real DSDs particularly in the tropical region.
In this article, the regional and diurnal variations of rain attenuation obtained from the measurement of DSD at five locations in Indonesia are investigated. In Indonesia, less work has been done to study the rain attenuation from the measured DSD. We have previously found that the specific rain attenuation shows diurnal variation with the largest attenuation observed in the morning hours because the raindrop spectrum of rain events in this period containing more small-sized drops [9] . However, the study is only based on the data collected from one location, i.e., at Kototabang, west Sumatra Indonesia. This paper is a follow-up of such previous study by analyzing the rain attenuation obtained from the measurement of DSD via a network of Parsivel disdrometers installed at Kototabang (KT), Padang (PD), Pontianak (PT), Manado (MN), and Biak (BK). The regional variation of DSD based on the data at these locations has been found [10] . The rain attenuation at Ku-band (13.6 GHz), Ka-band (35.6 GHz), and W-band (96 GHz) was estimated and compared with the ITU-R model [13] . These frequencies are used for the Global Precipitation Measurement/Dual-frequency Precipitation Radar (GPM/DPR) [14] and the Earth Clouds, Aerosols and Radiation Explorer (EarthCARE) cloud profiling radar [15] .
DATA AND METHODOLOGY
The DSD was recorded by the OTT Parsivel. Table 1 summarizes the locations of each Parsivel and the observation period. Parsivel is a ground-based optical disdrometer which counts and measures simultaneously the fall speed and size of precipitation particles [10] . The DSD from this instrument was constructed for one-minute intervals, from 0.3 mm to 10 mm. Very light rain (R < 0.1 mm/h) was excluded in the analysis. To observe the diurnal variation of rain attenuation, the data were classified into four categories with 6-hour interval: 00-06, 06-12, 12-18, and 18-24 local time (LT). The diurnal variation of rain attenuation must be considered for the fade margin design [11] . The seasonal variation of DSD in Indonesia is not significant [12] , so it is not considered in this study. The specific rain attenuation in terms of the DSD was estimated by
where N (D) (m −3 mm −1 ) is the DSD for the diameter of D (mm), ∆D the width of drop size class (mm), and σ ext the Mie extinction cross section for water drops of diameter D which is in function of wave length, drop size and complex refractive index. Parsivel employs nonuniform ∆D, increasing with increasing raindrop sizes that varies from 0.125 to 3 mm. The Mie extinction cross section of assumed spherical raindrops was deduced from [16, 17] for a temperature of 295 K. We used the value given by Liebe et al. [18] for m, the complex reflection coefficient of water droplets. The specific rain attenuation coefficient is approximately related to rainfall rate (R) as
where a and b are constants. The rainfall rate R (mm/h) was expressed in terms of the DSD as
where v(D) is the raindrop fall speed in still air. Equation (2) was derived by the linear regression in logarithmic scale. The sequential intensity filtering technique (SIFT) was applied to reduce the effect of the spurious variability on disdrometric data [19] . Figure 1 shows a comparison of specific rain attenuation for the five locations along with the value estimated by the ITU-R model [13] . The power law equation of this figure is given in Table 2 . The regional variations are more obvious with increasing frequency and rainfall rate. For the Ku-band frequency ( Fig. 1(a) ), the highest attenuation is observed at BK, followed by MN, particularly at very heavy rain. At rainfall rate (R) of 10, 50, 100 and 200 mm/h, the attenuation for BK (MN) are 0. The difference between the specific rain attenuation estimated by the ITU-R model and that obtained from the DSD at Ka-band ( Fig. 1(b) ) is more significant than the Ku-band. The highest attenuation is observed at MN, and followed by BK, particularly for very heavy rains. For W-band ( Fig. 1(c) 50 mm/h ). This is consistent with the regional variation of the DSD as previously reported [10] . The DSDs at the three locations contain more large-size raindrops and less small-sized drop than MN and BK. At MN and BK,the DSDs have more small-sized raindrops. This condition is clearly observed at very heavy rains. The role of small and medium-sized rain drops on specific attenuation is proportional to the increase of the rainfall intensity and operating frequency [9] . Therefore, the specific rain attenuation at MN and BK is higher than PD, KT and PT, particularly at very heavy rains.
RESULTS

Regional Variation of Rain Attenuation
Diurnal Variation of Rain Attenuation
To see the preliminary evidence of the diurnal variation of DSDs for each location, the DSDs for specific rain rate of 3 and 30 mm/h were averaged (Fig. 2) . At light rain, a slight difference in the spectra could be seen at KT, PD and PT in which it had more small drops and less large-sized drops, during the first half of the day (00-12 LT). The evidence of diurnal variation of DSD becomes more obvious during heavy rain (Figs. 2(f)-(i) ). The average spectra of KT, PD, and PT were much broader than MN and BK, indicating that the spectra consists of more large-sized drops. Furthermore, the DSDs at KT, PD, PT and MN during the first half of the day have more small and medium-sized raindrops than during the second half of the day (12-24 LT). Figure 3 shows the diurnal variation of specific rain attenuation for Ku-band along with the value estimated by the ITU-R model [13] . The power law equation of this figure is given in Table 2 . In general, the ITU-R model overestimates the rain attenuation for all times, with the exception during 18-24 LT at BK. During this period the specific rain attenuation at BK is slightly larger than the ITU-R model. For example, at R = 50 and 100 mm/h the attenuations are 3.15 and 7.33 dB/km, respectively, in comparison with 2.71 and 6.13 mm/h from the ITU-R model. The diurnal variation of rain attenuation at PD and MN is not significant for Ku-band. The diurnal variation is more serious at KT and PT in which the rain attenuation during 06-12 LT is much smaller than other periods and the ITU-R model. At R = 50 and 100 mm/h the values for KT(PT) are 1.61 (1.44) and 3.54 (3.16) dB/km, respectively. The diurnal variation of specific rain attenuation for the Ka-band is clearly visible at all locations (Fig. 4) . At PD, the attenuation of all time periods are smaller than that predicted by the ITU-R models. However, at KT, PT, MN and BK, some periods have larger attenuations than that predicted by ITU-R models. At KT and PT, the attenuation during 06-12 LT is the highest value and is somewhat larger than the ITU-R model. The same characteristics is observed at BK. Moreover, at MN, the highest attenuation is observed during 00-06 LT and the difference between the highest and the lowest attenuation is not so significant.
For W-band frequency, the diurnal variations are significant at KT, PT and MN (Fig. 5) . The highest attenuation at KT(PT) are observed during 06-12 LT with the value being 25.16 (24.70), 41.71 (67.29) dB/km for 50 and 100 mm/h, respectively. These values are much higher than that obtained by the ITU-R model, i.e., 20.03 and 33.67 dB/km. At MN, the highest attenuation values are observed during 00-06 LT. On the other hand, the lowest specific rain attenuation is observed during 12-18 LT. This is consistent with the characteristics of DSD given in Fig. 2 . The specific rain attenuation is large during the period of DSD containing more small-sized raindrops, and vice versa.
CONCLUSIONS AND FUTURE WORKS
The result shows that the specific rain attenuation due to the tropical raindrops is strongly influenced by some variabilities. Such variabilities limit the accuracy of the ITU-R model. The specific rain attenuation found from the DSD measurement shows significant regional and diurnal variations. In general, the ITU-R model overestimates the attenuation for all examined locations, particularly for very heavy rains (R > 50 mm/h). PD, KT and PT have a lower attenuation than MN and BK. The regional variation of rain attenuation at rainfall rate smaller than 50 mm/h is relatively small and is in fairly good agreement with that obtained from the ITU-R model. The diurnal variation of rain attenuation is dependent on the frequency and rainfall rate. At KT and PT, the lowest rain attenuation for Ku-band is observed during 06-12 LT, but during this period the largest attenuation is observed for Ka and W-bands. This phenomena may be due to the increasing role of small and medium-sized drops being proportional to the increase of frequency. Thus, the variability of specific rain attenuation should be kept in mind when modeling the radio communication links in the tropical region such as for the fade margin design. The current result is from limited dataset, particularly at PT, MN and BK, more study with long data record must be done to apply the DSD variability into the ITU-R model. Furthermore, there are limitations with Parsivel instrument that may influence the current result. The instrument tends to underestimate the smallest raindrops, and overestimate the concentration of medium to large drops in the strong rainfall intensity. Therefore, the comparison of rain attenuation estimated from the Parsivel data with that obtained from other disdrometers such as 2D-Video Disdrometer will be conducted.
